The L 2,3 X-ray emission of Cu metal has been measured using monochromatic synchrotron radiation. The self-absorption effect in the spectra is shown to be very small in our experimental geometry. From the quantitative analysis of spectra recorded at different excitation energies, the L 3 /L 2 emission intensity ratio and the partial Auger-width are extracted. High-energy satellite features on the L 3 emission line are separated by a subtraction procedure. The satellite intensity is found to be slowly increasing for excitation energies between the L 3 , L 2 and L 1 core-level thresholds due to shake-up and shake-off transitions. As the excitation energy passes the L 2 threshold, a step of rapidly increasing satellite intensity of the L 3 emission is found due to additional Coster-Kronig processes.
Introduction
During the last decades, much interest has been focussed on multiple vacancy satellites in Auger spectra of the 3d transition metals [1, 2, 3, 4, 5] . In particular, the existence of Auger satellites originating from the decay of L 2, 3 core holes in the presence of additional 3d vacancies have been studied. The 3d vacancies can be produced either as shake-up excitation or shake-off ionization due to relaxation in connection with the core excitation process or as a result of Coster-Kronig (CK) processes preceeding the Auger decay. The corresponding X-ray decay processes can be studied with X-ray emission (XE) spectroscopy. XE spectroscopy is a powerful technique for studying the electronic structure in terms of the partial density-of-states (pDOS), since the decay from the core-excited state with a localized core-hole can be described according to the dipole selection rules. In XE, the vacancy satellites are traditionally referred to as Wentzel-Druyvesteyn (WD) satellites [6] and typically end up on the high energy side of the main line. Relaxation and screening effects are essential for the evaluation of the intensity and energy shift involved in the satellite transitions which is an important reason for studies of satellites. XE spectra of Cu metal excited with monochromatic synchrotron radiation were presented in a publication by Wassdahl et al. [7] and discussed in terms of shake-up/off and CK processes. The results of this publication were discussed and compared with those of different Cu compounds by Kawai et al. [8] It was assumed that the CK contribution was too small to significantly contribute to the high-energy XE satellites and could not be discriminated from the solid state process (charge-transfer from the neighbouring atoms). In a comment by Ohno [9] , it was concluded, based on the interpretation of Auger spectra, that the dominant part of the high-energy satellite intensity is indeed due to CK decay. To support their interpretation, Kawai et al. [10] then further assumed that the XE spectra of Wassdahl et al. [7] had been severely affected by the selfabsorption effects and needed to be corrected for this. As will be shown from our new high-resolution XE measurements of pure Cu metal, the selfabsorption effect is indeed very small in the grazing-incidence experimental geometry used. As the excitation energy is increased above the L 2 core level, a large enhancement of the L 3 satellite intensity is found, indicating L 2 →L 3 M CK decay preceeding the X-ray emission. For excitation energies between the L edges, the satellite intensity is slowly increasing with energy, interpreted as due to additional shake transitions. As will be shown, our results indicate that the origin of the high-energy XE satellite should be interpreted as being due to vacancies produced either by shakeup/shake-off upon primary excitation or, above the L 2 excitation threshold, mainly owing to CK decay preceeding the XE process.
Experimental Details
The experiments were performed at beamline 8.0 at the Advanced Light Source, Lawrence Berkeley National Laboratory. The beamline comprises a 99-pole, 5 cm period undulator and a spherical-grating monochromator. The end-station built at Uppsala University includes a rotatable grazing-incidence grating XE spectrometer [11] and a Scienta SES200 photoelectron spectrometer [12] . The base pressure was lower than 2×10 −10 Torr during preparations and measurements. The Cu(100) single crystal sample was of high purity and crystal quality, and cleaned by means of cyclic argon-ion sputtering and annealing to remove surface contaminants. In order to determine the excitation energies, X-ray absorption (XA) spectra in the threshold region were measured by total electron-yield measurements. In order to normalize the XE spectra, the incident photon current was continuosly monitored using a gold mesh in front of the sample. During the XA and XE measurements the resolution of the monochromator of the beamline was 0.3 eV and 0.5 eV, respectively. The sample was oriented so that the photons were incident at an angle of 7 o and with the polarization vector parallel to the surface plane. The emitted photons were recorded at an angle near normal to the sample surface, perpendicular to the incoming photons, with a resolution slightly better than 0.8 eV. The grazing-in normal-out setup was chosen to minimize self-absorption effects. Figure 1 shows L 2,3 XE spectra of Cu normalized to the integrated photon flux, excited at various energies indicated by the arrows in the XA spectrum shown in the inset. The spectra were measured from excitation energies from 932.5 eV, at the L 3 threshold, up to energies as high as 1109.1 eV, above both the L 2 (E B =952.3 eV) and L 1 (E B =1096.7 eV) thresholds. For excitation energies above the L 3 threshold (E B =932.5 eV), a growing satellite tail extending towards higher energies on the high-energy side of the main line is clearly observed in the spectra. It should be noted that we do not observe any elastic emission peak due to recombination, even though our experimental geometry with the polarization vector parallel to the surface plane would enhance the probability for such a process to occur. Self-absorption is known to affect the shape of XE spectra on the high-energy flank of the main peak, where the satellites occur, since there is an overlap in energy between the XE and XA spectra. The corrected observed XE intensity can be written as;
Results and Discussion
I o is the unperturbed decay intensity, and µ in and µ out are the absorption coefficients for the incident and outgoing radiation, and τ is the incident angle of the photon beam relative to the sample surface (and between outgoing photon and surface normal). We derived the values of these coefficients at the L 2,3 thresholds by normalizing the XA spectrum to known atomic values (µ in = 2.20 and 16.97 cm 2 /g) well below and above the absorption edges [13] . Based on this procedure the maximum self-absorption at the most severe emission energy (932.5 eV) was found to reduce the emitted intensity between 9 and 10 % for all spectra except for the spectrum excited at 949.4 eV just below the L 2 threshold where it was 14 % since the penetration depth is higher at this excitation energy. Since the self-absorption effect is small, the spectra shown in the figures were not corrected for this effect. We consider the transitions from the core-excited states to the final states and will mainly discuss the following processes: For excitation energies above threshold, the spectra can be treated as produced by an incoherent nonresonant 'two-step' process, with separate excitation and emission steps, and the satellite contribution can therefore be separated from the main line by a subtraction procedure [7, 15] . This is illustrated in Fig. 2 , where the satellite difference spectrum (I S , dashed area) has been constructed with the 1088.5 eV spectrum subtracted by the resonantly excited 932.5 eV spectrum (I R ) by normalizing the spectra so that the lowenergy flanks coincide. The difference spectrum represents the part of the 1088.5 eV spectrum which is mainly produced by excitation via the L 2 CK preceeded decay. As can be seen in Fig. 2 Figure 2 : Separation of CK preceeded satellite contribution between the spectra excited at 1088.5 and 932.5 eV photon energies. The dashed area represents the difference spectrum.
The L shell fluorescence yields are small for Cu, and furthermore the Auger width, XE width, and photoionization cross section are approximately the same at the L 3 respectively the L 2 thresholds [16] . The X-ray width Γ X is expected to be in the range of a few meV. We try to obtain the Auger width Γ A using experimental values [17, 18] of Cu metal, yielding CK and total widths shown in A , the Auger width can be derived from equation (1) as:
We find the Auger decay width Γ A , for pure Cu to be between 0.45 and 0.55 eV by using I ratio X value essentially reflects the L 3 /L 2 vacancy ratio at the time of the X-ray emission. Thus, the large ratio in the spectra indicates that considerable reorganization of vacancies takes place after the excitation of the L 2 shell and before the emission of an x-ray photon. Figure 3 shows the relative I S /(I R +I S ) XE satellite intensity ratio (in percent), normalized to the satellite-free L 3 threshold spectrum excited at 932.5 eV (I R ). The difference spectra have been constructed by normalizing the spectra to the low-energy flanks as described above, using the satellite free threshold spectrum. The error bars of the satellite intensity have been constructed from varying the fit parameters. For excitation energies below the L 2 threshold, the satellite has a slowly increasing intensity to less than 10 % of the total intensity, whereas for excitation energies closer to the L 2 threshold, a step of very rapid intensity increase is observed up to a new plateau at about 40 %. The satellite intensity is related to the XA cross section which has a peak at the L 2 threshold. Above the L 2 threshold, the intensity is again slowly increasing due to additional shake processes up towards the L 1 level, where additional L 1 CK processes are enabled, leading to a new intensity step of about 6 %. This increase of the satellite intensity as the excitation energy passes the L 1 threshold is thus much lower than at the L 2 threshold. This is mainly due to two things; the difference in photoemission cross section in the excitation process mentioned previously but, also due to the fact that the L 1 CK decay is distributed to several decay channels, mainly the 
The intensity steps show that the CK process plays a very important role for the origin of the energy shift and the satellite intensity by the production of extra 3d vacancies, preceeding the XE decay.
In the description of the satellite phenomena we focus on the relative importance of excitations in the initial state. When the absorbed photon excites or ionizes an electron and a core hole is created, the surrounding electron cloud will contract in order to screen the positive charge created, causing shake-up excitations or shake-off ionizations in the valence band. The shake intensity depends on the relative configuration coupling due to relaxation. This can be understood with the aid of the Manne-Åberg theorem for inner-shell ionization [20] . The relaxation energy with respect to the unrelaxed Koopmans' energy gives rise to a shake crossection implying WD satellites in the XE spectra.
Conclusions
X-ray emission spectra of Cu metal have been measured close to the L 3 , L 2 , and L 1 excitation thresholds with monochromatic synchrotron radiation. Due to the grazing-incidence sample orientation, the spectra are found to be almost free of self-absorption effects. From the quantitative analysis of the spectra, the L 3 /L 2 intensity ratio and the L 2,3 Auger-width are extracted. For excitation energies passing the L 2 threshold, a sharp step of increasing satellite intensity is found at the L 3 emission line, proving the importance of Coster-Kronig decay to the satellite contribution. Thus, we interpret the spectra in the previously accepted picture of initial-state satellites, produced either by shake-up/shake-off during the excitation or as a result of Coster-Kronig decay of inner hole states.
